Magnetic measurements on pseudoternary compounds Ho1-xGdxRh2Si2, which substitute Gd having no quadrupole for Ho, were performed. They exhibit a successive component-separated magnetic transition; the c-and ab-components of magnetic moments independently order at different temperatures TN1 and TN2, respectively. The partial ordered state, a frustration appears for TN1 >T > TN2: for the phase II in the magnetic phase diagrams. In the ordered phase, step-like metamagnetic processes appear for TN2 > T; two-step ones appear along the [001] and [100] directions, and a onestep one appears along the [110] direction. The B-T magnetic phase diagrams were constructed. There are six, four and three ordered phases in the B001-T, B100-T and B110-T phase diagram, respectively. Two diagrams of the basal plane directions, B100-T and B110-T, resemble each other. Some interesting or peculiar phase boundaries appear. The Gd composition x dependence of transition temperatures is determined. The transition temperatures TN1 and TN2 increase with increasing x. The x-dependency of TN1 is well scaled by the de Gennes factor: (g-1) 2 J(J+1) whereas the transition of TN2 is not scaled. Some magnetic features declare that quadrupole interactions play an important role in this compound system.
Introduction
The ternary compound HoRh2Si2, which crystallizes in the tetragonal ThCr2Si2-type structure, shows so called "a successive component-separated magnetic transition"; the cand ab-components of magnetic moments independently order at the different temperatures, TN1=29.1 K and TN2=12.1 K [1] . Such a transition often appears in frustration systems. The geometrical frustration of exchange interactions between magnetic ions is responsible for most of this-type transitions [2, 3] . However, a geometrical frustration is not like to occur in this compound due to the simple structure. The similar type transition has been reported in the tetragonal compound TbCoGa5 where a new mechanism, not geometrical frustration, has been proposed [4] . HoRh2Si2 shows similar behavior to one of TbCoGa5. Moreover, this compound has an additional transition at Tt=27.3 K [1] . The neutron diffraction study has reported that the antiferromagnetic structure is a simple one; the propagation vector k=(0,0,1) with magnetic moments tilted from the c-axis by 28° at low temperatures and has given no information on the transition at Tt and a frustration [5] . Magnetization processes on the single crystal have been reported [6, 7] : step-like metamagnetic processes appear along the main symmetry directions below TN2; two-step ones appear along the [001] and [100] directions, and a multi-step one appears along the [110] direction. For TN2<T<Tt, a two-step metamagnetic one persists along the [001] direction whereas the processes along directions in the basal plane become a paramagnetic like one, suggesting that the ab-component of magnetic moments are disordered, frustrated. The B-T magnetic phase diagrams have been constructed. In the B100-T and B110-T diagrams, the existence of peculiar phase boundary around TN2 has been reported, suggesting that a quadrupole effect play an important role for the component-separated magnetic transition. In order to obtain an information on a role of quadrupole effect, magnetic behaviors of pseudoternary compounds Ho1-xGdxRh2Si2, which substitutes Gd with no quadrupole for Ho, were studied.
Experimental Procedure
Polycrystalline samples of pseudoternary compounds Ho1-xGdxRh2Si2 were prepared by arcmelting a stoichiometric mixture of the pure elements (Ho and Gd: purity of 3N, Rh: 3N, and Si: 5N) in an argon atmosphere. Subsequently, single crystals (x = 0.03, 0.05, 0.1 and 1.0) were grown by the Czochralski technique using a tri-arc furnace; the polycrystalline sample was melted on a water-cooled copper hearth in the tri-arc furnace. A crystal was slowly pulled from the melt by a rotating rod with a seed crystal. The pulling-up and rotating rate were 5 mm/h and 10 c/min [8, 9] . The crystal structure and the single phase nature were confirmed by X-ray powder diffraction. The quality of the single crystal was checked and crystallographic orientations were determined by the back Laue method. The crystal was fixed on a thin plastic plate so that the desired direction is perpendicular to the plate within an experimental angle accuracy of one degree. It was subjected to magnetic measurements. The magnetic susceptibility and low-field magnetization below 5 T were measured using a MPMS (Quantum Design). The high-field magnetization measurements were performed using a nondestructive long-pulse magnet up to 57 T by a pick-up coil method installed at the International MegaGauss Science Laboratory in the Institute for Solid State Physics, the University of Tokyo. The specific heat were measured by a relaxation method using the PPMS. 
Results and Discussion

Magnetic susceptibility
Magnetic behaviours of the single crystals Ho1-xGdxRh2Si2 (x =0.03, 0.05 and 0.1) are quite similar to that of HoRh2Si2 [1] . So we show results of the compound (x = 0.05) as an example in followings. Figure.1 shows the temperature dependences of magnetic susceptibilities along the main symmetry axes for a tetragonal cell on a Ho1-xGdxRh2Si2 (x = 0.05) single crystal. A magnetic anisotropy between the c-axis and directions in the basal plane is evidenced from the figure while no anisotropy is in the basal plane; the susceptibility along the [100] direction is identical to the one along [110] . The [001] magnetic susceptibility [001] shows a clear maximum at TN1=32.2 K and a small hump at TN2=12.9 K. In contrast, susceptibilities [100] and [110] for directions in the basal plane show a small hump at TN1 and a clear maximum at TN2. The feature is similar to that of HoRh2Si2, except that the transition Tt disappears in this compound [1] . It should be noted that a little dilution of Gd makes the transition of Tt disappear. These results suggest that c-and ab-components of magnetic moments order independently at TN1 and TN2, respectively. This type of transition is so called "a successive component-separated magnetic transition". The transition temperatures are higher than those of HoRh2Si2. The susceptibilities along the main symmetry directions obey the Curie-Weiss law above 150 K. The -1 -T curves become linear and are almost parallel with each other for high temperatures. The effective magnetic moment estimated is 10.4 B on the compound which is in good agreement with the average magnetic moment (10.47 B) of Ho 3+ 0.95 and Gd 3+ 0.05 ion. This shows that 4f electrons in this compound are well localized and a Rh ion is nonmagnetic. The paramagnetic Curie temperatures along the c-axis and [100], [110] directions in the basal plane are 001=19.0 K, 100=-5.2 K and 100=-8.5 K, respectively, indicating that the dominant interaction along the c-axis and in the basal plane are ferromagnetic and antiferromagnetic, respectively.
Specific heat
The thermal variations of magnetic specific heat Cmag and entropy Smag on the Ho0.95Gd0.05Rh2Si2 single crystal are shown in Fig. 2 . The magnetic contribution of specific heat is deduced from subtracting the specific heat of a phonon contribution from total specific heat of Ho0.95Gd0.05Rh2Si2. The phonon contribution is estimated from specific heat measured on YRh2Si2. The specific heat shows two -type anomalies at TN1 and TN2. This dependency is similar with that of HoRh2Si2, except for the transition at Tt [1] . The existence of two phases below TN1 is confirmed. The each phase transitions at TN1 and TN2 is of the second-order one. The magnetic entropy is obtained from numerical integration of Cmag/T vs. T. It is shown from the figure that the entropy reaches Rln4 at TN2. This indicates that the ground state is at least a pseudo-quartet, leading a stable magnetic moment. The entropy of Rln13 (=21.2 J mol -1 K -1 ) which is released below TN1 is smaller than Rln(2J+1) =23.5 J mol -1 K -1 for J=8 multiplet of Ho 3+ ion. The overall splitting of the crystalline electric field levels is slightly larger than TN1.
The features of temperature dependence of susceptibility and specific heat in other compounds (x = 0.03 and 0.1) are quite similar to those of Ho0.95Gd0.05Rh2Si2 and HoRh2Si2. The component-separated magnetic transition, the partial ordered state: frustration, exists in these compounds as well. The transition temperatures TN1 and TN2 increase with increasing composition x (see in Fig. 8 ).
Magnetization process
Magnetization curves for low magnetic field range up to 5 T at 2 K and for high fields up to 57 T at 4.2 K are shown on the Ho0.95Gd0.05Rh2Si2 single crystal in Figs. 3 and 4, respectively. Sharp steplike metamagnetic transitions appear along the main symmetry directions below TN2, which indicates that magnetic moments tilt from the main symmetry axes. The [001] magnetization process is a twostep metamagnetic one; the magnetization increases rapidly at critical fields Bc1=2.1 T and Bc2=4.8 T. The magnetization curve is almost linear with a slight slope except around transition fields. The magnetization just above Bc1 and Bc2 is M1=3.7 B/f.u. and M2=7.4 B/f.u., respectively. The value of M2 is smaller than the saturation moment of Ho0.95 Gd0.05 (gJ = 9.85 B), which indicates that magnetic moments tilt from the c-axis as reported for HoRh2Si2 [5] . The [100] magnetization process is also a two-step one with critical magnetic fields at [100]
[110]
The Successive component-separated magnetic... T. Shigeoka et al. direction; the critical field is Bb1=2.3 T and magnetization above the critical field is 3.1 B/f.u. The magnetization curves along the directions in the basal plane have a downward curvature for low fields below the first critical field, which is different from one of the [001] direction. High field magnetization ( Fig. 4) shows that the easiest magnetization direction within the main symmetry directions is the [001] direction. Above Bc2, the [001] magnetization increases gradually and saturates around 25 T. The gradual increase in the magnetization is corresponding to decrease in the tilt angle; the magnetic moments rotate to the applied field direction: the [001] direction, the tilt angle becomes almost 0 around 25 T, and the magnetization reaches 9.7 B which is agreement with the saturation moment of Ho0.95 Gd0.05 (gJ = 9.85 B) within experimental accuracy, indicating well localized 4felectrons. The [110] magnetization above the metamagnetic transition field Bb1 firstly increases with an upward curvature, exhibits an additional metamagnetic transition around Bb2 = 36 T, and almost saturates. The magnetization reaches 9.7 B at the maximum field. The [100] magnetic process is similar to the [110] process though it is slightly smeared; there is an additional transition around Ba3 = 36 T in the process. The saturation moment is 9.9 B which agrees with the saturation value along the [001] and [110] directions within the experimental accuracy.
Magnetic phase diagram
The B-T magnetic phase diagrams were constructed from temperature and magnetic field dependences of magnetization at various temperatures and magnetic fields. Some ordered phases, which are referred to as phase I, II, III, and so on in the order of increasing temperature and magnetic field as shown in the figures, appear in the diagrams. In the B001-T diagram (Fig. 5 ), there are six ordered phases. Magnetic structures are unknown yet. We can speculate a part of them from the results of HoRh2Si2. The phase I is a simple antiferromagnetic one with the propagation vector k = (0 0 1) and tilting magnetic moments from the c-axis: the +-+-structure. The phase II is also a simple antiferromagnetic one with the c-axis magnetic moments which come from disordered ab-component of magnetic moments; a partial ordered state. The metamagnetic transitions at Bc1 from the phase I to III and at Bc2 from III to VI are spin-flip ones; the structures for the phases I, III and VI change as following: +-+-+++-++++. The magnetic moments still tilt from the c-axis in the phases. The metamagnetic transition from the phase II to IV is a similar spin-flip one where the c-component of magnetic moments only order and ab-component disorders. The magnetic moments look like that it is along the c-axis. The transition field to a paramagnetic state from the phase IV is considerably smaller than that from the phase VI, which may be responsible for the disordered ab-component: frustration. The phase II borders on the field-induced phases III, IV and V for higher magnetic field side, and the phase IV borders the VI and a paramagnetic state. This means that different types of transitions occur at each boundary. The condition and reason why the difference occurs are interesting. Two diagrams of the basal plane directions, B100-T ( Fig. 6 ) and B110-T (Fig. 7) , resemble each other though the number of ordered phases is different; four and three phases exist in the B100-T and B110-T, respectively. The phase II is corresponding to the phase II in the B001-T diagram, which is a partial ordered antiferromagnetic state; the c-component of magnetic moments only orders while the ab-component disorders in the phase. The boundary line between the ordered and paramagnetic phases, which is constitute with two curves having a different up-ward curvature, is peculiar. The similar curve has been reported in HoRh2Si2, and suggested that the higher field boundary line is smoothly connected to TN2 at 0 T from the temperature dependence of elastic constant under magnetic fields [7] . Here, we also suggest a similar boundary line, which is shown by broken lines between the phase II and IV in Fig.6 , and between the phase II and III in Fig. 7 . The temperature dependence of this boundary is abnormal. Other pseudoternary single crystal compounds (x = 0.03 and 0.1) exhibit similar peculiar features as well. We believe a quadrupole effect play an important role in this system.
Composition dependence of transition temperature
The Gd composition x dependence of transition temperatures on Ho1-xGdxRh2Si2 is shown in Fig. 8 . Figure 6 The B100-T magnetic phase diagram. The broken line is a suggested phase boundary. Polycrystalline compounds (x = 0.3, 0.5, 0.7 and 0.9) were prepared as well. For the polycrystalline samples, measurements of -T were only carried out to determine the transition temperatures. All compounds except for x = 1.0 have two magnetic transition temperatures TN1 and TN2. The transition at Tt is only seen for x = 0: HoRh2Si2; a small amount of Gd doping destroys the transition. The transition temperatures TN1 and TN2 increase with increasing x. The rate of increase in TN1 is larger than that in TN2. The x-dependency of TN1 is well scaled by the de Gennes factor: (g-1) 2 J(J+1). The scaling normalized at TN1 of x = 0 is shown by the broken line in the figure. This means that the transition of TN1 is dominated by the RKKY interaction. The x-dependency of TN2 is different from that of TN1, indicating the transition of TN2 is influenced by other interactions such as a quadrupole interaction. The temperature range TN1 <T< TN2 is a partial ordered state, and a frustration is suggested there. The partial ordered range becomes wider with increasing x except for x = 1. The partial ordered state disappears at x = 1: GdRh2Si2. We made a GdRh2Si2 single crystal as well. It exhibits a normal antiferromagnetic behavior, the detail of which will be published elsewhere. This suggests that an appearance of the partial ordered state, a frustration need a quadrupole of Ho. Quadrupole effects play an important role in this compound system.
Summary
Magnetic studies on pseudoternary compounds Ho1-xGdxRh2Si2, which substitute Gd with no quadrupole for Ho, were performed using either single crystal (x = 0.03, 0.05, 0.1 and 1) or polycrystalline (x= 0.3, 0.5, 0.7 and 0.9) compounds. The single crystal compounds exhibit quite similar magnetic features to those of HoRh2Si2. They show "successive component-separated magnetic transitions"; the c-and ab-components of magnetic moments order independently at TN1 and TN2, respectively. The partial ordered state due to a frustration may appears for TN1 >T > TN2: for the phase II in the magnetic phase diagrams.
Step-like metamagnetic processes appear for TN2 > T; twostep ones appears along the [001] and [100] directions, and a one-step one appears along the [110] direction. The magnetization values indicate that magnetic moments tilt from the c-axis in the low fields. Magnetization along the all directions almost saturates above 40 T, and reaches the saturation value for the Ho1-x Gdx free ion, indicating localized f-electrons in this system, which is evidenced from the effective magnetic moment as well. The B-T magnetic phase diagrams were constructed. There are six, four and three ordered phases in the B001-T, B100-T and B110-T phase diagram, respectively. In the B001-T diagram, interesting phase boundaries appear, which indicate existence of different types of field-induced transitions. Two diagrams of the basal plane directions, B100-T and B110-T, resemble each other. The boundary between the ordered and partial ordered phases was speculated, which shows an abnormal temperature dependence. In the all diagrams, the boundary line between the ordered and paramagnetic phases is constitute with two curves having a different up-ward curvature. The Gd composition x dependence of transition temperatures on Ho1-xGdxRh2Si2 is determined. The transition temperatures TN1 and TN2 increase with increasing x. The x-dependency of TN1 is well scaled by the de Gennes factor: (g-1) 2 J(J+1), indicating that the transition of TN1 is dominated by the RKKY interaction whereas the transition of TN2 is influenced by other interactions. Some magnetic features declare that quadrupole interactions play an important role in these compounds. Further studies, such as elastic constant and neutron measurements, are needed.
